Rrp6-mediated nuclear RNA surveillance tunes eukaryotic transcriptomes through noncoding RNA degradation and mRNA quality control, including exosomal RNA decay and transcript retention triggered by defective RNA processing. It is unclear whether Rrp6 can positively regulate noncoding RNAs and whether RNA retention occurs in normal cells. Here we report that AtRRP6L1, an Arabidopsis Rrp6-like protein, controls RNA-directed DNA methylation through positive regulation of noncoding RNAs. Discovered in a forward genetic screen, AtRRP6L1 mutations decrease DNA methylation independently of exosomal RNA degradation. Accumulation of Pol V-transcribed scaffold RNAs requires AtRRP6L1 that binds to RNAs in vitro and in vivo. AtRRP6L1 helps retain Pol V-transcribed RNAs in chromatin to enable their scaffold function. In addition, AtRRP6L1 is required for genome-wide Pol IV-dependent siRNA production that may involve retention of Pol IV transcripts. Our results suggest that AtRRP6L1 functions in epigenetic regulation by helping with the retention of noncoding RNAs in normal cells.
INTRODUCTION
Nuclear RNA surveillance confers quality control of mRNA biogenesis as well as RNA decay of pervasive transcripts and RNA processing byproducts (Schmid and Jensen, 2008; Butler and Mitchell, 2011) . Rrp6 is a distributive single-stranded RNA nuclease that plays a central role in nuclear RNA surveillance (Schmid and Jensen, 2008; Butler and Mitchell, 2011) . In the nucleus, Rrp6 is required as a catalytic auxiliary subunit for exosome to degrade aberrant pre-mRNAs, pre-rRNAs, and pretRNAs (Bousquet-Antonelli et al., 2000; Kadaba et al., 2004; Torchet et al., 2002) . Substrates of Rrp6-dependent RNA decay also include diverse noncoding RNAs derived from bidirectional transcription at or upstream of gene promoters (Neil et al., 2009; Xu et al., 2009; Preker et al., 2008) . The roles of Rrp6 in nuclear RNA surveillance also include retention of improperly processed mRNA at or near the transcription sites in yeast, Drosophila, and humans (de Almeida et al., 2010; Eberle et al., 2010; Hilleren et al., 2001; Kallehauge et al., 2012) .
RNA retention has been suggested to be a consequence of the cotranscriptional nature of mRNP formation . Consistently, mRNA retention in nuclear foci was observed in cells defective in mRNA export (Hilleren et al., 2001; Jensen et al., 2001; Kallehauge et al., 2012) . While Rrp6 is essential for RNA retention (de Almeida et al., 2010; Eberle et al., 2010; Hilleren et al., 2001; Kallehauge et al., 2012; Rougemaille et al., 2007) , the retained mRNAs appear to escape exosomal degradation and are thus stable (Rougemaille et al., 2007) . Interestingly, although RNA retention and exosomal RNA degradation confer opposite regulation on RNA accumulation, these two functions of Rrp6 both require the exoribonuclease activity (Assenholt et al., 2008) . In S. cerevisiae, Rrp6-dependent RNA retention was shown to ensure a slow release of the retained mRNAs from nuclear foci into the cytoplasm for translation, whereas such retained mRNAs, if prematurely released, are translationally inactive and possibly toxic to cells (Kallehauge et al., 2012) . Studies in Drosophila and humans showed that improperly processed pre-mRNAs remain tethered to the DNA template in association with the RNA polymerase Pol II, while knockdown of Rrp6 decreased Pol II occupancy in chromatin at the transcription sites and resulted in impaired RNA retention (de Almeida et al., 2010; Eberle et al., 2010) .
In contrast to yeast and humans, where Rrp6 is encoded by a single gene, plants such as Arabidopsis thaliana, rice, and poplar have three homologs of Rrp6 (Lange et al., 2008) . In Arabidopsis, AtRRP6L1 is localized in the nucleoplasm and nucleolus, while AtRRP6L2 and AtRRP6L3 are found predominantly in nucleoli and exclusively in the cytosol, respectively (Lange et al., 2008) . AtRRP6L1, unlike AtRRP6L2, lacks the PMC2NT domain that allows an interaction between Rrp6 and a cofactor that functions in RNA degradation (Lange et al., 2008) . Degradation of an rRNA maturation byproduct was observed with AtRRP6L2, but not AtRRP6L1 (Lange et al., 2008) . However, the temperature-sensitive phenotype of a yeast rrp6 knockout strain can be rescued by AtRRP6L1 complementation (Lange et al., 2008) , consistent with the opinion that Rrp6-dependent nuclear retention of mRNA may serve a precautionary role in stressful situations (Kallehauge et al., 2012) . The functional importance of Rrp6-dependent RNA retention remains elusive in normal cells. In addition, although Rrp6-dependent RNA decay has been shown to eliminate numerous noncoding RNAs that mostly appear to be noisy byproducts of pervasive transcription (Chekanova et al., 2007; Neil et al., 2009; Xu et al., 2009; Preker et al., 2008) , it is unknown whether Rrp6-mediated nuclear RNA surveillance can positively regulate the levels of certain noncoding RNAs, especially those that possess regulatory functions, such as scaffold RNAs and small interfering RNAs (siRNAs) that mediate RNA-directed DNA methylation (RdDM) .
DNA methylation at the fifth position of cytosine (C) is an important epigenetic mark, which can control transcriptional activities by affecting the accessibility of DNA sequences to the transcriptional machinery. In plants, methylation occurs in all three sequence contexts including CG, CHG, and CHH (H represents either A, T, or C), with transposable element (TE)-rich heterochromatic regions being the major targets (Zhang et al., 2006; Henderson and Jacobsen, 2007) . In Arabidopsis, the DNA methyltransferase DRM2 catalyzes de novo methylation in all sequence contexts (Cao and Jacobsen, 2002) . Once established, DNA methylation in CG and CHG contexts is maintained by MET1 and CMT3, respectively (Law and Jacobsen, 2010 . CHH methylation within pericentromeric long TEs can be catalyzed by CMT2, while CHH methylation at other loci is established de novo by DRM2 during every cell cycle (Law and Jacobsen, 2010; Zemach et al., 2013) .
The targeting of DRM2 for DNA methylation can be mediated by the RdDM pathway, in which the pairing between 24 nt siRNAs and nascent scaffold RNAs recruits the silencing complex that contains DRM2 (Matzke et al., 2009; Law and Jacobsen, 2010; Zhang and Zhu 2011; Pikaard et al., 2012) . In this canonical RdDM pathway, biogenesis of 24 nt siRNA starts from Pol IV production of single-stranded noncoding RNA, followed by RDR2 generation of double-stranded RNAs and subsequent processing by DCL3. RDR2 physically associates with Pol IV in vivo (Law et al., 2011) , indicating that the Pol IV-transcribed RNAs are retained within the transcription complex in order to be converted into double-stranded RNAs. Indeed, RDR2 is nonfunctional in vitro without Pol IV . Meanwhile, Pol V generates scaffold RNAs that, before being released from chromatin, recruit complementary siRNAs that are bound by Argonaute proteins (Matzke et al., 2009; Law and Jacobsen, 2010; Zhang and Zhu 2011; Pikaard et al., 2012) . Production of the overwhelming majority of 24 nt siRNAs depends on Pol IV, while Pol V can reinforce the production of some siRNAs (Zhang et al., 2007; Mosher et al., 2008) . Detection of noncoding RNAs produced by Pol IV and Pol V has been challenging. To date only a small number of Pol V-transcribed scaffold RNAs have been reported (Wierzbicki et al., 2008; Zheng et al., 2009; Zhong et al., 2012) , whereas Pol IV transcripts have yet to be identified, possibly due to their very low abundance and/or instability. It is unclear whether Pol IV-and Pol V-dependent transcripts, as well as siRNAs, are subject to regulation by Rrp6-mediated RNA surveillance.
Here we report that AtRRP6L1 controls DNA methylation via regulation of scaffold RNAs and 24 nt siRNAs. Mutations of AtRRP6L1 decrease the levels of DNA methylation and histone H3K9 dimethylation (H3K9me2), resulting in a release of transcriptional silencing. Comparative methylome analyses show that AtRRP6L1 regulates DNA methylation mainly through the canonical RdDM pathway. A defective core exosome or AtRRP6L2 does not phenocopy DNA hypomethylation observed in the atrrp6l1 mutants, and transcriptome analyses reveal that AtRRP6L1 might not be involved in exosomal RNA degradation. Accumulation of 24 nt siRNAs and scaffold RNAs is impaired in the atrrp6l1 mutants. Multiple lines of evidence collectively revealed that transcript retention underlies AtRRP6L1 regulation of noncoding RNAs. Genome-wide analyses of DNA methylation and siRNA production support an important role of siRNAs in mediating AtRRP6L1-dependent DNA methylation. These results uncover a regulatory role of AtRRP6L1 in DNA methylation through retention of noncoding RNAs.
RESULTS

Identification of AtRRP6L1 as a Regulator of DNA Methylation
The transposable element (TE) AtSN1 is transcriptionally silenced by DNA methylation. By using methylation-sensitive Chop-PCR of the AtSN1 locus, we screened over 500 Arabidopsis T-DNA insertion lines. A knockout line of AtRRP6L1 (atrrp6l1-1) showed DNA hypomethylation that was confirmed in a second knockout allele (atrrp6l1-2) ( Figures 1A and S1A) . Consequently, AtSN1 transcripts were increased in the atrrp6l1 mutants ( Figure 1B) . Similar results were observed in the nrpd1-3 mutant defective in the largest subunit of Pol IV ( Figures  1A and 1B) . Bisulfite sequencing showed that AtRRP6L1 dysfunction causes an approximately 70% reduction in AtSN1 CHH methylation, with less impact on CG and CHG methylation ( Figure S1B ). The solo LTR locus is also an RdDM target, where methylation and silencing are impaired in nrpd1-3 ( Figure S1 ). AtRRP6L1 mutations do not affect DNA methylation at either solo LTR or several other known RdDM loci including LTR1 and LTR3 ( Figure S1C ), indicating that DNA hypomethylation in atrrp6l1 mutants is not due to disrupted gene expression of key RdDM factors, which would impact RdDM universally. The transcript levels of tested DNA methylation and demethylation regulators are independent of AtRRP6L1 ( Figure S1E ). These results are consistent with a direct role of AtRRP6L1 in modulating DNA methylation, although it is still possible that some RdDM target loci such as AtSN1 may be more sensitive to incomplete depletion of an RdDM factor, that some RdDM factors may be posttranscriptionally regulated by AtRRP6L1, or that AtRRP6L1 may regulate an as yet unknown RdDM factor.
AtRRP6L1 Confers Epigenetic Gene Silencing
To substantiate AtRRP6L1 regulation of DNA methylation, we examined several TEs homologous to AtSN1. DNA hypomethylation was observed at these loci, which turned out to be RdDM targets, since DNA methylation at these loci was also reduced in Pol IV and Pol V mutants ( Figure 1C ). Among these TEs, At1TE40810 and At5TE27040 were examined by bisulfite sequencing. At1TE40810 showed more hypomethylation in the CHH context than CG or CHG context, whereas At5TE27040 exhibited substantial hypomethylation in all sequence contexts ( Figure 1D ). At these loci, the atrrp6l1 mutants showed reduced levels of the repressive histone mark H3K9me2, which was similarly decreased in the Pol V mutant nrpe1-11 ( Figure 1E) , while the H3K9me2 level at solo LTR was reduced in nrpe1-11 but not atrrp6l1 mutants ( Figure 1E ). Concomitant with the reduced DNA methylation and H3K9me2 levels, elevated expression was observed for genes that contain AtRRP6L1-regulated TEs within the promoter regions, in the atrrp6l1 mutants as well as in nrpd1-3 and nrpe1-11 ( Figure 1F ). Taken together, these results demonstrate a function of AtRRP6L1 in conferring transcriptional repression via epigenetic regulation. (D) Bisulfite sequencing quantification of DNA methylation levels at At1TE40810 and At5TE27040 loci. Cytosines were examined as CG, CHG, CHH, and total that indicates the sum of all three types of cytosines (x axis). The methylation levels (y axis) indicate the ratios of each type of methylated cytosines over total cytosines of the same type within the examined regions. The gray-scaled pie charts indicate the proportions of CG, CHG, and CHH within the examined regions that cover the two short TEs. (E) Chromatin immunoprecipitation (ChIP) measurements of histone H3K9me2 levels. (F) RT-qPCR quantification of mRNA levels of genes neighboring AtRRP6L1-regulated TEs. Error bars indicate SD, n R 3. See also Figure S1 .
AtRRP6L1 Mainly Controls RdDM-Dependent Methylation
To explore the whole array of AtRRP6L1-regulated loci, we examined the atrrp6l1-2 methylome. Whole-genome bisulfite sequencing identified 2,261 hypomethylated regions in atrrp6l1-2 compared with wild-type plants ( Figure 2A and Table  S1 ). While CHH methylation accounts for 22% of all methylated cytosines in wild-type Arabidopsis (Zhang et al., 2006 ; this study), hypomethylated cytosines in atrrp6l1-2 are enriched (65%) with CHH hypomethylation ( Figure 2B ). This indicates that AtRRP6L1 mainly functions in the RdDM pathway, since methylation in the CHH context must be maintained by de novo methylation and is therefore a hallmark of RdDM activity (Law and Jacobsen, 2010) . Consistently, the majority (75%) of AtRRP6L1-regulated loci are canonical RdDM target loci where DNA methylation including CG methylation is similarly reduced in atrrp6l1-2, nrpd1-3, and nrpe1-11 ( Figures 2C and S2 ). In addition, DNA methylation analyses of the atrrp6l1-2nrpd1-3 double mutant show that there is no clear additive effect between atrrp6l1-2 and nrpd1-3 ( Figure S2B ), consistent with the notion that AtRRP6L1 and Pol IV function in the same pathway.
AtRRP6L1-Mediated DNA Methylation Is Independent of Exosomal RNA Degradation We asked whether regulation of DNA methylation may be a function common to other Arabidopsis Rrp6-like proteins. Mutations 
Molecular Cell
Plant RRP6-like Protein Needed for DNA Methylation of AtRRP6L2, the only other nucleus-localized Rrp6 homolog in Arabidopsis, show no effects on DNA methylation at any tested AtRRP6L1-regulated loci ( Figure 2D ). To investigate whether exosome malfunction could phenocopy DNA hypomethylation observed in the atrrp6l1 mutants, an estradiol-inducible RNAi knockdown line of the Arabidopsis core exosome component RRP41 (rrp41 iRNAi ) (Chekanova et al., 2007) was examined. Estradiol treatment caused severe growth arrest ( Figure 2E ) and accumulation of exosome substrates such as pre-miR156e (Figure 2F) in rrp41 iRNAi plants, as a result of impaired exosome function (Chekanova et al., 2007) . However, knockdown of RRP41 did not cause DNA hypomethylation as in atrrp6l1 mutants (Figure 2G) , indicating that regulation of DNA methylation by AtRRP6L1 is unlikely related to exosomal RNA degradation. Impairment of exosomal RNA degradation causes genomewide elevation of polyadenylated transcripts such as premiR156e (Chekanova et al., 2007) . AtRRP6L1 dysfunction showed no effect on pre-miR156e RNA levels ( Figure 2F ), indicating that it is not involved in the exosomal RNA decay of this transcript. To further examine whether AtRRP6L1 mediates exo- somal RNA degradation, atrrp6l1-2 was compared with the wild-type by mRNA deep sequencing. Previous studies on core exosome components have revealed numerous polyadenylated transcripts as potential exosome substrates in Arabidopsis (Chekanova et al., 2007) ; in contrast, only 49 and 48 mRNAs showed R 2-fold elevation and reduction, respectively, with statistical significance in atrrp6l1-2 compared to the wild-type (Table S2 ). Among the elevated mRNAs, only two were reported to be increased by exosome dysfunction (Table S2 ). While depletion of Arabidopsis core exosome components also caused accumulation of, in addition to mRNAs, abundant polyadenylated RNAs that have neither protein-coding potential nor predicted functions (Chekanova et al., 2007) , such a pattern was not observed in our RNA-seq analysis that detected polyadenylated transcripts. RNA-seq analysis also revealed that AtRRP6L1 does not control the gene expression of any known epigenetic regulator (Table S2) . These results suggest that AtRRP6L1 has a specialized function in epigenetic regulation that is decoupled from exosomal RNA decay. Therefore, we subsequently investigated whether a function in RNA retention may underlie AtRRP6L1 regulation of DNA methylation.
AtRRP6L1 Maintains the Levels of Pol V-Dependent Transcripts
We asked whether Pol V transcripts are affected by atrrp6l1 dysfunction. Mutations of AtRRP6L1 reduce the levels of AtSN1 scaffold RNAs SN1B and SN1C (Wierzbicki et al., 2008) by more than 50% ( Figure 3A ), indicating that AtRRP6L1 is important for the accumulation of Pol V-transcribed RNAs. Similarly, AtRRP6L1 dysfunction also reduces Pol V-dependent transcripts at other tested intergenic loci ( Figure S3A ), including IGN7, IGN10, IGN15, and IGN17 (Wierzbicki et al., 2008) .
Rrp6 can catalyze the 3 0 end trimming of some RNA precursors (Torchet et al., 2002) . We thus examined whether AtRRP6L1 dysfunction might cause aberrant transcriptional readthrough from regions upstream of AtSN1 and thereby interfere with transcription by Pol IV and/or Pol V. As revealed by RT-qPCR, the abundance of transcripts derived from several individual regions at or downstream of At3g44005, which is immediately upstream of AtSN1, did not show any increase in atrrp6l1 mutants compared to wild-type plants ( Figure 3B ), indicating that the downregulation of AtSN1 scaffold RNAs is not caused by aberrant transcriptional readthrough from the upstream region. Therefore, these results suggest a direct regulation of scaffold RNAs by AtRRP6L1.
To further confirm AtRRP6L1 regulation of Pol V transcripts, we looked for Pol V-dependent transcripts at or near several loci that show DNA hypomethylation in atrrp6l1-2 and that also show NRPE1 occupancy (Wierzbicki et al., 2012; Zhong et al., 2012) . Two Pol V-dependent transcripts, UP556840 and DN400413, were detected upstream of the transposon At5TE56840 and downstream of the pseudogene At4g00413, respectively. Concomitant with DNA hypomethylation ( Figures  3C and 3E) , abundance of these Pol V transcripts are reduced substantially in atrrp6l1 mutants ( Figures 3D and 3F) , supporting a role of AtRRP6L1 in maintaining the levels of Pol V transcripts in mediating RdDM.
Similar to exosomal RNA degradation, RNA retention also requires the exoribonuclease activity of Rrp6 (Assenholt et al., 2008) . We tested whether a functional ribonuclease domain in AtRRP6L1 is necessary for its positive regulation of Pol V transcripts. Individual point mutations at several conserved residues in the ribonuclease domain abolished Rrp6 ribonucleolytic activities (Phillips and Butler, 2003) . AtRRP6L1 with these point mutations was expressed at a level comparable to the wild-type AtRRP6L1 ( Figure S3B ). However, these mutated forms of AtRRP6L1 failed to restore the reduced levels of Pol V transcripts and DNA methylation in atrrp6l1-2 ( Figures S3C and S3D ). These observations are consistent with published work and suggest that a functional ribonuclease domain in AtRRP6L1 is necessary for its function in the accumulation of Pol V transcripts and DNA methylation.
AtRRP6L1 Associates with Scaffold RNAs and Partially
Colocalizes with Pol V Rrp6 proteins are known to function in exosomal RNA degradation and can also mediate mRNA retention triggered by defective mRNA export and/or processing (Schmid and Jensen, 2008; Butler and Mitchell, 2011) . The retained transcripts are protected from destabilization and degradation (Rougemaille et al., 2007; Hilleren et al., 2001 ). The possible involvement of exosomal RNA degradation in AtRRP6L1-mediated DNA methylation was excluded (Figures 2D-2G ; Table S2; Figure 3 ). In contrast, a role in RNA retention would be consistent with the observation that AtRRP6L1 positively regulates Pol V transcript levels (Figures 3 and S3A) .
To examine whether AtRRP6L1 is capable of binding to RNAs, we performed electrophoretic mobility shift assays (EMSAs). AtRRP6L1 contains both the 3 0 -5 0 exoribonuclease and HDRC domains that are sufficient to characterize Rrp6 proteins (Lange et al., 2008) . Our attempts to obtain the full-length protein of AtRRP6L1 in E. coli failed, possibly because overexpression of this conserved RNA surveillance protein caused cellular toxicity in bacteria. We then purified two truncated fragments of AtRRP6L1, the N-terminal half that contains the exoribonuclease domain and the C-terminal half that contains the HDRC domain, which were both expressed as GST-fusion proteins for EMSA. An RNA binding capacity was detected with both the N half and C half of AtRRP6L1, but not with the GST protein control ( Figure 4A ). In addition, the binding of the two truncated fragments of AtRRP6L1 to a radiolabeled 60 nt single-stranded RNA was competitively inhibited by addition of an unlabeled RNA of the same sequence ( Figure 4A ). Thus AtRRP6L1 displays an in vitro RNA-binding capacity.
To determine whether AtRRP6L1 binds to Pol V transcripts in vivo, we generated Arabidopsis atrrp6l1-2/AtRRP6L1-HA lines in which AtRRP6L1 is expressed under its native promoter and is tagged with 3X HA. In atrrp6l1-2/AtRRP6L1-HA plants, AtRRP6L1 gene expression and DNA methylation at AtRRP6L1 target loci were restored (Figures S1F and S1G). RNA immunoprecipitation (IP) using anti-HA antibody was then performed with Col-0 and atrrp6l1-2/AtRRP6L1-HA plants. After DNase treatment, transcript abundance in the IP fractions was examined by RT-PCR. Pol V-dependent RNAs, including SN1B, SN1C, and UP556840, were enriched in the IP fractions of atrrp6l1-2/AtRRP6L1-HA plants, compared to the nontransgenic Col-0 control plants ( Figure 4B ). In contrast, background levels of the abundant actin mRNAs are similar between the atrrp6l1-2/AtRRP6L1-HA and Col-0 IP fractions ( Figure 4B ). The enrichment of Pol V transcripts in atrrp6l1-2/AtRRP6L1-HA IP fractions thus reveals a specific association between these noncoding RNAs with AtRRP6L1.
Consistent with the fact that AtRRP6L1 binds to Pol V-dependent RNAs, immunostaining showed a partial colocalization between AtRRP6L1 and NRPE1 in the majority of cells (55%, n = 158). Colocalization was observed at discrete nucleoplasmic foci as well as the perinucleolar dot ( Figure 4C ) where RDR2, DCL3, AGO4, and DRM2 have also been identified (reviewed in Zhang and Zhu, 2011) .
AtRRP6L1 Promotes Scaffold RNA Retention on Chromatin Pol V-transcribed RNAs can be categorized into two groups, i.e., chromatin associated and those that are already released from chromatin. Only the former can function as scaffold RNAs, whereas the latter, if not yet degraded, may compete against scaffold RNAs in recruiting complementary siRNAs. Therefore, to test whether AtRRP6L1 helps retain scaffold RNAs in chromatin, we fractionated nuclear extracts to separate chromatinassociated RNAs from RNAs that are released from the DNA templates (West et al., 2008; Pandya-Jones and Black, 2009; de Almeida et al., 2010; Girard et al., 2012) (Figures 5A and  S3E ). AtRRP6L1 dysfunction reduces the abundance of chromatin-bound scaffold RNAs at the examined RdDM target loci ( Figure 5B ), supporting that AtRRP6L1 functions to retain Pol V transcripts in chromatin. In comparison, levels of Pol V transcripts in the chromatin-free fraction are not decreased in atrrp6l1-2 ( Figure 5C ). Thus AtRRP6L1 dysfunction substantially reduces the ratios of chromatin-associated Pol V transcripts (i.e., scaffold RNAs) to those that are released from chromatin (i.e., nonscaffolding RNAs). The results support the notion that AtRRP6L1 functions in the retention of Pol V transcripts.
In Drosophila and humans, defective RNA retention caused by Rrp6 dysfunction was accompanied by reductions in Pol II occupancy (de Almeida et al., 2010; Eberle et al., 2010) . We found that loss of AtRRP6L1 reduces Pol V occupancy at loci where DNA methylation requires AtRRP6L1 ( Figures 5D, S3F , and S3G). The observation that AtRRP6L1 helps maintain Pol V occupancy further supports that AtRRP6L1 functions in the retention of Pol V transcripts, because the greater Pol V occupancy in chromatin is, the longer time its nascent RNA products would remain at the RdDM target loci to function as scaffold RNAs.
Mutation of AtRRP6L1 Reduces the Abundance of 24 nt siRNAs To probe whether AtRRP6L1 may also help retain Pol IV-generated single-stranded RNAs in chromatin to facilitate subsequent biogenesis of 24 nt siRNAs, we tried to detect Pol IV-dependent transcripts but failed; we thus examined 24 nt siRNAs instead. At loci such as AtSN1 where DNA methylation is regulated by (C) AtRR6L1 colocalizes with NRPE1 in the perinucleolar dot in 38% of the nuclei that show a colocalization or partial colocalization of the two proteins (upper panel). Partial colocalization was also observed in discrete nucleoplasmic foci in 62% of the nuclei that show a colocalization or partial colocalization of the two proteins (lower panel). The majority (55%) of 158 nuclei examined in four biological replicates showed a colocalization or partial colocalization of the two proteins. NRPE1 (red) is localized by its specific antibody in cells expressing HA-tagged AtRRP6L1 (green). The yellow signals due to the overlap of red and green channels in merged images indicate protein colocalization. DNA (blue) was stained with DAPI.
AtRRP6L1, 24 nt siRNA levels in atrrp6l1 mutants are reduced, although the reduction is not as much as that in nrpd1-3 ( Figures  6A and S4A ). In contrast, atrrp6l1 mutations do not decrease 24 nt siRNA levels at loci such as solo LTR where DNA methylation is independent of AtRRP6L1 ( Figures S4A and S4B ). These results are consistent with a function of AtRRP6L1 in the retention of Pol IV-transcribed noncoding RNAs at loci where DNA methylation is AtRRP6L1 depedent. Alternatively, AtRRP6L1 mutations may decrease the production of some siRNAs by impairing Pol V-dependent reinforcement of siRNA production, since 24 nt siRNA accumulation at these loci also requires Pol V ( Figure 6A ).
AtRRP6L1 Is a Global Regulator of 24 nt siRNA Production
To explore the AtRRP6L1 regulation of the genome-wide small RNA profile, we performed deep sequencing of small RNAs in atrrp6l1-2 and the wild-type plants. The results demonstrate that AtRRP6L1 dysfunction impairs small RNA (18-32 nt) production across the whole genome ( Figure S4C ). AtRRP6L1 dysfunction decreases small RNA levels at a group of 3,296 loci, where reduction in 23 nt and 24 nt small RNAs is most obvious ( Figure 6B ). In the genome-wide small RNA pool, 21 nt and 24 nt small RNAs are more abundant than any other small RNA populations ( Figure S4C ). While the pool of 21 nt small RNAs shows no difference between the wild-type and atrrp6l1-2, the abundance of all 24 nt siRNAs is reduced by 15% in the mutant ( Figure S4C ), supporting a function of AtRRP6L1 in promoting 24 nt siRNA biogenesis. As expected, reductions in small RNA levels are obvious at centromeric and pericentromeric regions, where TEs and other DNA repeat elements are abundant ( Figure S4D ). Thus AtRRP6L1 exhibits a strong impact on siRNA production at or near TEs, consistent with a role for AtRRP6L1 in heterochromatic siRNA production. Almost all (97.4%) AtRRP6L1-regulated siRNAs require Pol IV function ( Figures 6C and S4E) , consistent with the fact that Pol IV is required for most 24 nt siRNA production (Zhang et al., 2007; Mosher et al., 2008) . Given that Pol V can reinforce Pol IV-dependent siRNA production at some RdDM loci (Zhang et al., 2007; Mosher et al., 2008) , we examined whether the effects of AtRRP6L1 on siRNA production may be solely mediated through Pol V. In comparison to Pol IV, Pol V is required for a smaller proportion (72%) of AtRRP6L1-dependent siRNAs ( Figure 6C ). These results suggest that, in addition to the retention of Pol V transcripts, AtRRP6L1 may also help in the retention of Pol IV transcripts to facilitate siRNA production.
AtRRP6L1 Does Not Affect the Production of siRNAs that Need No Transcript Retention
In contrast to Pol IV-dependent production of 24 nt siRNAs, biogenesis of siRNAs that are derived from inverted repeats (IR) would not require transcript retention for RNA-directed RNA polymerase action, since the Pol II-generated IR RNAs directly form double-stranded hairpin structures that are cleaved by DCL2 and DCL3 to generate 22 nt and 24 nt siRNAs, respectively (Dunoyer et al., 2010) . Therefore, we reasoned that the production of IR siRNAs would not be decreased by AtRRP6L1 dysfunction. We examined three IR loci known to generate 24 nt siRNAs (Yelina et al., 2010; Zhang et al., 2007) and found that none of them displayed reduced levels of siRNAs, including 24 nt siRNAs, in atrrp6l1-2 ( Figures 6D, S5A , and S5B). These results suggest that AtRRP6L1 functions in the retention of Pol IV but not Pol II transcripts to facilitate siRNA production.
In addition, the production of 21 nt transacting-siRNAs (tasiRNAs) would not need retention of transcripts in chromatin or in the nucleus, because tasiRNA precursors are produced by Pol II and cleaved by miRNA-guided AGO1, and the resultant single-stranded RNA fragments require cytoplasmically localized RDR6 and SGS3 to generate double-stranded RNAs for subsequent tasiRNA production (Kumakura et al., 2009) . Indeed, accumulation of siRNAs from all tasiRNA-generating loci including TAS1, TAS2, and TAS3 is unaffected by AtRRP6L1 dysfunction ( Figures 6D, S5A , and S5B). Thus the independence of IR siRNAs and tasiRNAs on AtRRP6L1 is consistent with the notion that AtRRP6L1 controls 24 nt siRNA production through retention of Pol IV-dependent transcripts. In addition, these results suggest that nucleo-cytoplasmic RNA transport is independent of AtRRP6L1, since defective RNA export in Arabidopsis would cause a substantial reduction in the levels of TAS1 and TAS2 siRNAs as well as IR71 siRNAs (Yelina et al., 2010) .
AtRRP6L1-Dependent siRNA Production Correlates with DNA Methylation
At those loci where AtRRP6L1 dysfunction causes DNA hypomethylation, the proportion of hypomethylated C to all C exhibits a positive correlation with the abundance of 24 nt siRNAs in wildtype plants ( Figure S5C ), indicating that AtRRP6L1 is more important in regulating DNA methylation at loci where 24 nt siRNAs are abundant. Specifically, at TE loci where siRNA production is impaired by AtRRP6L1 dysfunction, the degree of concomitant CHH hypomethylation becomes greater as the levels of 24 nt siRNA get lower ( Figure S5D ). Consistently, global hypomethylation in the CHH context was observed in atrrp6l1-2 at the AtRRP6L1-dependent siRNA loci ( Figure S5E ). As expected, the majority of AtRRP6L1-dependent DNA methylation loci showed reduced siRNA levels in atrrp6l1-2 ( Figure S5F ). Together these results support an important role of siRNAs in mediating AtRRP6L1-dependent DNA methylation through the RdDM pathway.
DISCUSSION
Nuclear RNA surveillance and DNA methylation both play critical roles in regulating RNA levels in higher eukaryotes. Little is known about how the two processes may be connected. Our results uncovered a regulatory role of a paralog of an RNA surveillance protein in epigenetic regulation. AtRRP6L1 regulates DNA methylation by controlling the levels of scaffold RNAs and 24 nt siRNAs. Our results suggest that AtRRP6L1 helps retain Pol V-transcribed RNAs in chromatin to serve as scaffold RNAs for effective siRNA recruitment and possibly Pol V-dependent reinforcement of siRNA production (Figure 7) . Because AtRRP6L1 dysfunction impairs 24 nt siRNA production, which may require retention of Pol IV transcripts in chromatin for efficient conversion into double-stranded RNAs by Pol IV-associated RDR2 (Law et al., 2011; Haag et al., 2012) , we hypothesize that AtRRP6L1 may also help retain Pol IV transcripts (Figure 7 ). In the absence of AtRRP6L1, these important noncoding RNAs in the RdDM pathway may be quickly released from the chromatin upon transcription termination. As a result of lower levels of scaffold RNAs and 24 nt siRNAs, RdDM activities are impaired in atrrp6l1 mutants. In a minor subset (25%) of AtRRP6L1-regulated loci, atrrp6l1 has more impact than nrpd1 or nrpe1 on CG and CHG methylation ( Figure S2C ). This suggests that, in addition to its main function in RdDM, AtRRP6L1 may also modulate DNA methylation through a different pathway.
The temperature-sensitive phenotype of a yeast rrp6 knockout strain can be rescued by heterologous expression of AtRRP6L1 (Lange et al., 2008) . This indicates that AtRRP6L1 can, at least partially, fulfill the RNA surveillance function of Rrp6 in yeast cells. RNA surveillance is known to degrade noncoding RNAs in eukaryotes (Chekanova et al., 2007; Neil et al., 2009; Xu et al., 2009; Preker et al., 2008) . Our results with AtRRP6L1 establish a positive role of a paralog of an RNA surveillance protein in regulating noncoding RNAs, which have been increasingly recognized as important regulators in many biological processes. Rrp6-dependent mRNA retention has been observed in cells with defective mRNA export Kallehauge et al., 2012) . In contrast, AtRRP6L1-dependent transcript retention exists in wild-type plants in which RNA export is undisturbed. Given that Rrp6-dependent RNA retention is conserved in eukaryotes (de Almeida et al., 2010; Eberle et al., Kallehauge et al., 2012) , the function of Rrp6 in controlling regulatory noncoding RNAs and epigenetic modifications may also exist in other eukaryotes such as yeast and humans, where Rrp6 is encoded by a single-copy gene.
AtRRP6L1 dysfunction reduces Pol V association with chromatin. Similarly, defective RNA retention caused by Rrp6 dysfunction was accompanied by reductions in Pol II occupancy in Drosophila and humans (de Almeida et al., 2010; Eberle et al., 2010) . It is possible that one mechanism of RNA retention by AtRRP6L1 is to help keep Pol V on the chromatin. Because AtRRP6L1 dysfunction does not decrease the levels of Pol V transcripts in the chromatin-free fraction ( Figure 5C ), the reduction of Pol V transcripts in atrrp6l1-2 chromatin fraction is unlikely caused solely by less Pol V transcription. In Rrp6-defective yeast cells, release and degradation of some aberrant RNAs were observed by northern blot analysis, which detected putative RNA decay intermediates (Hilleren et al., 2001) . In some other cases, it is unclear whether unretained mRNAs are degraded (de Almeida et al., 2010; Eberle et al., 2010) . AtRRP6L1 dysfunction reduces chromatin-bound Pol V transcripts, but not those that are already released from chromatin. Therefore, our results do not clearly indicate degradation of unretained Pol V transcripts in atrrp6l1 mutant plants. Rrp6-dependent RNA retention appears to be contradictory to the other function of this protein, i.e., as a catalytic component in exosomal RNA degradation. However, recent evidence has shown that Rrp6 indeed can bind to RNAs without exerting its ribonuclease function. In Chironomus tentans, Rrp6 binds to nascent transcripts before splicing and accompanies the spliced mRNA to the nuclear pore, where it is released from the mRNPs before nucleo-cytoplasmic translocation (Hessle et al., 2012) . It is unknown whether such RNA retention requires a physical association between Rrp6 and other proteins.
Over 50% of the hypomethylated loci in atrrp6l1-2 resides in or overlaps a genic region, while hypomethylated TE and intergenic regions account for 22% and 25%, respectively ( Figure S2D ). Pol IV or Pol V mutation, in comparison, each causes hypomethylation in 4,400 regions that were dominated by TE loci (Figure S2D) . Among the 2,261 loci where DNA methylation is AtRRP6L1 dependent, the major subset (75%) is canonical RdDM loci, where CG methylation levels are similarly affected by atrrp6l1-2, nrpd1-3, and nrpe1-11; the minor subset (25%) is ''AtRRP6L1-specific'' loci, where CG hypomethylation is more obvious in atrrp6l1-2 than in nrpd1-3 or nrpe1-11. However, at both the major canonical RdDM target loci and the minor ''AtRRP6L1-specific'' loci, the ''gene'' category similarly accounts for slightly over 50% in atrrp6l1-2. These data indicate that, when comparing atrrp6l1-2 to nrpd1-3 or nrpe1-11, the enrichment of ''gene'' category loci is not correlated with the more severe CG hypomethylation in atrrp6l1-2. Interestingly, AtRRP6L1 regulates 80% of genes that are targeted by Pol IV and/or Pol V ( Figure S2E ); in contrast, only 15% of Pol IVand/or Pol V-targeted TEs are also affected by AtRRP6L1 (Figure S2E) . It is unclear what determines the AtRRP6L1 preference to genes among all RdDM target loci.
In Arabidopsis, transgenerational retrotransposition of the ONSEN TEs can be induced by heat stress in siRNA-deficient mutants (Ito et al., 2011) . AtRRP6L1 dysfunction reduces ONSEN siRNA levels ( Figure S4F ), suggesting that AtRRP6L1 may contribute to maintaining genome integrity under stress conditions. Besides mediating RNA retention at/near transcription sites, Rrp6 is well known to confer exosomal RNA At RdDM target loci where DNA methylation is AtRRP6L1 dependent, AtRRP6L1 retains Pol V-generated noncoding RNAs at sites of transcription, allowing for prolonged association of transcripts with chromatin for their scaffold function. Since AtRRP6L1 is also required for Pol IV-dependent siRNA production, AtRRP6L1 possibly also helps to retain Pol IV-transcribed noncoding RNAs, thereby facilitating synthesis of double-stranded RNAs by RDR2 and subsequent production of 24 nt siRNAs. In the absence of AtRRP6L1, these important noncoding RNAs in the RdDM pathway may be quickly released from the chromatin upon transcription termination, resulting in DNA hypomethylation. For simplicity, not all known RdDM components are shown.
degradation. In Arabidopsis, impairment of the core exosome does not phenocopy the DNA hypomethylation found in atrrp6l1 mutants, suggesting that AtRRP6L1 regulates DNA methylation independently of exosomal RNA degradation. The fact that AtRRP6L1 is required for maintaining the levels of scaffold RNAs and siRNAs is also opposed to a role of exosomal RNA degradation in mediating AtRRP6L1-dependent DNA methylation. Consistent with our observations, it was recently shown that a defective core exosome does not alter DNA methylation or siRNA biogenesis, though elevated transcript levels were detected for several RdDM target loci including solo LTR (Shin et al., 2013) . The Shin et al. (2013) study also found that DNA methylation at solo LTR is independent of AtRRP6L1. Although it was concluded that the exosome complex functions independently of the RdDM pathway (Shin et al., 2013) , the study did not examine the effect of AtRRP6L1 on the DNA methylation status of any other loci. Mutation of AtRRP6L1 does not affect solo LTR epigenetic status, including its DNA methylation ( Figures  S1C and S4A ), H3K9me2 ( Figure 1E ), and siRNAs ( Figures S4A  and S4B ); however, a slight increase in solo LTR transcript levels was observed in atrrp6l1 mutants ( Figure S1D ). Such transcript elevation may directly result from defective RNA degradation that depends on the putative exoribonuclease function of AtRRP6L1, though its catalytic activities have yet to be demonstrated.
EXPERIMENTAL PROCEDURES Plant Materials
All Arabidopsis thaliana used in this study are of the Columbia ecotype (Col-0). Seeds of atrrp6l1-2, atrrp6l2-1, and atrrp6l2-2 are from Dr. Dominique Gagliardi (Lange et al., 2008) ; rrp41 iRNAi and its vector control seeds are from Dr. Brian
Gregory (Chekanova et al., 2007) ; and atrrp6l1-1 (SALK_004432C), nrpd1-3 (SALK_128428C), and nrpe1-11 (SALK_029919C) are from ABRC.
DNA Methylation Measurements at Individual Loci
Genomic DNA was extracted by using DNeasy Kit (QIAGEN). For Chop-PCR, 500 ng of genomic DNA was incubated overnight with the methylation-sensitive restriction enzymes (New England Biolabs) as indicated in the figures. The digested DNA was used to amplify the RdDM targets by semiquantitative RT-PCR. Nondigested genomic DNA was simultaneously amplified as controls. For individual bisulfite sequencing, 500 ng of genomic DNA was bisulfite converted following the protocol of the EpiTect Bisulfite Kit (QIAGEN). The collected DNA was used for PCR amplification of the interested DNA sequence. The PCR products were cloned into pGEM-T Easy Vector (Promega), and at least 15 individual clones were sequenced for each sample. The CyMATE program (http://www.cymate.org) was used for data analysis.
Scaffold RNA and mRNA Analyses Total RNA was extracted from 12-day-old seedlings using TRIzol (Invitrogen). DNase-treated RNAs were reverse-transcribed using SuperScript III (Invitrogen). For analyzing mRNA expression, Oligo dT primers were used during RT reaction. For detecting Pol V-dependent noncoding RNAs, gene-specific primers were used for RT reactions.
Quantification of Individual siRNAs
Small RNAs were extracted using RNAzol RT (Molecular Research Center). The abundance of 24 nt siRNAs was quantitatively detected by using TaqMan Small RNA Assays (Applied BioScience). The sequences of 24 nt siRNAs in the examined TE regions were determined by blasting a published small RNA database (Zhang et al., 2007) . RT-qPCR procedure follows the protocol of TaqMan Small RNA Assays. Information about the sequences and assay designs are available in Table S3 .
Chromatin Immunoprecipitation
Whole seedlings of 12 days old were collected. Sample preparation and ChIP procedure were performed as described previously (Wierzbicki et al., 2008) . The anti-dimethyl-histone H3 (Lys9) antibody (ab1220, Abcam) and anti-HA tag antibody (ab9110, Abcam) were used. Anti-NRPE1 antibody was from Dr. Craig Pikaard.
RNA Immunoprecipitation
RNA IP was performed following the protocol in Wierzbicki et al. (2008) , which is based on ChIP method with the following modifications: RNaseOUT RNase inhibitor (Invitrogen) was included in all buffers. IP was performed using anti-HA antibody (Abcam) for 3 hr followed by four washes with binding/washing buffer. Immune complexes were eluted with 100 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% SDS for 10 min at room temperature followed by a second elution at 65 C. Crosslinking was reversed at 65 C for 1 hr in the presence of 20 mg Proteinase K (Invitrogen). RNA was purified by extraction with acidic phenol:chloroform and ethanol precipitation. After Turbo DNase (Ambion) treatment, the IP RNAs were used for gene-specific RT and qPCR as described above.
Protein Purification and Electrophoretic Mobility Shift Assays
The full-length AtRRP6L1 CDS was divided into the N-terminal half (300 amino acids) and the C-terminal half (337 amino acids) and subsequently cloned into pGEX 4T-1 vector and transformed into E. coli BL21 (DE3+) for protein expression. The recombinant GST-tagged proteins were purified using Glutathione Sepharose 4B (GE Healthcare). A single-stranded 60 nt RNA oligo was synthesized and end-labeled using T4 polynucleotide kinase (NEB) and radioactive [g-32 P]ATP. The EMSA assays were carried out according to a previous report (Qian et al., 2012) .
Immunofluorescence Microscopy
Interphase nuclei were isolated as described by Jasencakova et al. (2000) . Nuclei preparations were postfixed with 4% paraformaldehyde and incubated overnight at 4 C with primary antibodies for NRPE1 (1:200) or anti-HA (1:200, Abcam). Secondary antibodies anti-rabbit Alexa 488 (Invitrogen) and antimouse Alexa 594 (Invitrogen) were diluted at 1:200 in PBS and incubated for 4 hr at 37 C. DNA was counterstained with 1 mg/ml DAPI in Prolong Gold mounting medium (Invitrogen). The nuclei preparations were analyzed with a Nikon Eclipse E80i epifluorescence microscope equipped with a Photometrics Coolsnap ES Mono digital camera. Images were acquired by the Phylum software and pseudocolored and merged in Adobe Photoshop.
Nuclei Fractionation
Nuceli fractionation was performed using a modified protocol described by West et al. (2008) . Briefly, plant nuclei were isolated using Honda buffer. The homogenate was filtered through four layers of Miracloth, followed by centrifugation at 1,500 g for 5 min. The pellet was resuspended in 1 ml Honda buffer, followed by centrifugation at 1,800 g for 5 min to pellet the nuclei. After washing with Honda buffer, the pellet was rinsed with 1X PBS/1 mM EDTA and resuspended in 0.5 ml prechilled glycerol buffer, to which 0.5 ml cold nuclei lysis buffer was added and gently vortexed for 2 3 2 s, incubated on ice for 2 min, and centrifuged at 14,000 rpm at 4 C for 2 min to separate the chromatin fraction and the nucleoplasmic fraction. The supernatant (nucleoplasmic fraction) was treated with proteinase K at 37 C for 1 hr, followed by acidic phenol/chloroform extraction and ethanol precipitation for RNA. The chromatin pellet was rinsed with cold 1X PBS/1 mM EDTA and then dissolved in TRIzol for RNA extraction. See Supplemental Information for buffer recipes. All primer sequences are available in Table S3 . Experimental methods of plasmid construction and mutant complementation, whole-genome bisulfite sequencing, mRNA sequencing, and small RNA sequencing are provided in Supplemental Information.
ACCESSION NUMBER
The GEO accession number for the sequencing data reported in this paper is GSE50486. 
Supplemental Experimental Procedures Genetic Screen for Mutants with Defective DNA Methylation
To screen for DNA methylation defective mutants, 1 μg of genomic DNA was digested with the methylation-sensitive enzyme Hae III (NEB) in a 20 μl reaction mixture. After digestion, PCR was performed using 1 μl of the digested DNA as template in a 10 μl reaction mixture and using the AtSN1 locus-specific primers (Table S3) .
Plasmid Construction and Mutant Plant Complementation
For transgenic expression of AtRRP6L1 in the atrrp6l1-2 mutant, full-length genomic DNA sequence of AtRRP6L1 with a ~1.75kb promoter region was PCR amplified from Col-0 genomic DNA and cloned into pENTR/D-TOPO entry vector (invitrogen). Entry construct carrying the promoter and genomic sequence of AtRRP6L1 was sequenced and confirmed, then the entry vector was recombined into the destination vector pGWB13 using Gateway LR Clonase II (invitrogen). Agrobacterium tumefacines strain GV3101 carrying the plasmid constructs was used to transform atrrp6l1-2 plants via the standard floral dipping method (Clough and Bent, 1998) .
Site directed mutagenesis (D140A, E142A, and D199A) was carried out using complimentary primers (Zheng et al., 2004) containing the corresponding single nucleotide changes in AtRRP6L1.
Briefly, entry vector carrying the native promoter and genomic sequence of AtRRP6L1 was used as the template for PCR reactions using primers carrying single nucleotide change. PCR products were digested with DpnI restriction enzyme for 3 hours and the digested PCR products were transformed into E. Coil. Plasmids were extracted and the point mutations were confirmed by sequencing. These mutated versions of entry vector were recombined into the destination vector pGWB13 using Gateway LR Clonase II (invitrogen), followed by Agrobacterium plant transformation.
Electrophoretic mobility shift assays (EMSA)
